Comparison of the scaling analysis of the mixed-state magnetization data with direct 
measurements of the upper critical field in YBa 2 Cu 3 07 _ x 
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By comparison of recent direct measurements of the temperature dependence of the upper critical 
field H C 2 in an YBa2Cu307_ a; high-T c superconductor with the scaling analysis of magnetization 
data, collected in fields H <C H C 2, we demonstrate that that the temperature dependence of the 
Ginzburg-Landau parameter k is negligible. Another conclusion is that the normalized temperature 
dependence of H C 2 is independent of the orientation of the magnetic field in respect to crystallo- 
graphic axes of the sample. We also discuss that isotropy of the temperature dependence of H C 2 
straightforwardly follows from the Ginzburg-Landau theory if k does not depend on temperature. 

PACS numbers: 74.72.-h, 74.25. Op 



Evaluation of the upper critical field H c2 and its tem- 
perature dependence represents a difficult task if high-T c 
superconductors (HTSC) are concerned. The problem is 
that H C 2 is very high and can be measured directly only 
in pulsed magnetic fields of megagauss amplitudes. This 
is an obvious reason that only several such studies were 
published so far and not all of them may be considered 
as reliable measurements. We could find only a very few 
works, in which measurements were extended to a con- 
siderable range of T/T c and all of them were made on 
YBaaCuaCVz samples 

At the same, H C 2 represents one of the main parame- 
ters of a superconductor and its knowledge is of primary 
importance. This is why several indirect approaches have 
been proposed and used in order to evaluate H C 2(T) 
from equilibrium magnetization data collected in fields 
if <C ,ff c2 ,SiL2i2iI2iiiiI2 However, all these approaches are 
based on certain assumptions, which are not necessar- 
ily satisfied in experiments. This makes existing H C 2(T) 
results questionable. 

We shall not consider all theoretical methods for the 
analysis of magnetization data. Our goal is to discuss a 
scaling procedure, proposed in Ref. 1 12L in order to com- 
pare the normalized temperature dependencies of H C 2, 
obtained by employing this procedure, with direct mea- 
surements of the upper critical field. As we demonstrate 
below, good agreement between the results provides con- 
vincing evidence of the validity of this scaling analysis 
and allows to make some conclusions about the temper- 
ature dependence of the Ginzburg-Landau parameter k.. 

The scaling procedure is based on a single assump- 
tion that k is temperature independent. In this case, 
equilibrium mixed state magnetizations measured at dif- 
ferent temperatures but in the same normalized fields 
H/H C 2{T) are proportional to H C %{T). This is true in 
fields H 3> H c ±, i.e., this situation can only be achieved 
in high k superconductors, which is the case for HTSC's 
as well as for many other novel superconducting materi- 
als. 

According to Ref. the magnetizations of a sample 



at two different temperatures T and To are related by 

Af Off, To) = M(h c2 H, T)/h c2 + c (T)H, (1) 

where h C 2 = H C 2(T) / H C 2(Tq) is the normalized uper crit- 
ical field and cg{T) = Xn(To) — Xn{T) (Xn is the normal- 
state magnetic susceptibility of a sample). The first term 
on the right side of Eq. (1) describes the properties of the 
mixed state of ideal type-II superconductors, while the 
second one is introduced in order to account for all other 
temperature dependent contributions to magnetization, 
which are unavoidable in HTSC's. 

By a suitable choice of h c % and cq(T) individual 
M(H) curves measured at different temperatures may 
be merged into a single master curve M e f /(if, To). In 
this way the temperature dependence of the normalized 
upper critical field is obtained^ 

This approach turned out to be quite effec- 
tive for the analysis of reversible magnetization 
data-^^^^i±&±i±&±&22 The main and unexpected re- 
sult of these analyses is that all numerous HTSC's may 
be divided into two groups. The dependencies of the nor- 
malized upper critical field ff C 2 on T/T c for HTSCs be- 
longing to the same group are practically identical, while 
they are distinctly different between the groups. The 
larger group includes a huge variety of various HTSC 
compounds, while the second one is rather small and con- 
sists of just several cuprates i 12 ' 13 d 4 i 15 , Apparently, a level 
of doping plays an important role in this matter i 12 ' 13 In 
the following, we shall discuss only the larger group of 
HTSC's because the corresponding ff C 2 (T) curve is in- 
deed close to results of Refs. |l||2|y|4||5|. 

Another important result of the scaling analysis is that 
practically the same curves were obtained for single crys- 
tals, grain-aligned samples, and ceramics j 13 ' 21 This indi- 
cates that, in spite of strong anisotropy of absolute val- 
ues of if C 2, its normalized temperature variation depends 
very little on the orientation of an applied magnetic field. 
In other words, if the temperature dependence of the up- 
per critical field is written as 



H c2 (T)=H c2 (0)F(l-T/T c ), 



(2) 
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H C 2(0) depends on the orientation of the magnetic field, 
while the function F is isotropic. 

As was argued in Ref. 12:, the fact that the analyses 
of magnetization data for many different HTSC's result 
in practically identical normalized H&iT /T c ) cannot be 
a coincidence but rather represents strong evidence that 
this approach is generally correct. At the same time, it 
does not necessary mean that k is temperature indepen- 
dent. Indeed, the universality of H C 2(T/T C ) will not be 
altered if K is temperature dependent, but this depen- 
dence is the same for different HTSC's. 

If paramagnetic contribution to the sample magneti- 
zation is negligible or it can be evaluated with sufficient 
accuracy, there will remain only one adjustable parame- 
ter in Eq. (1) and, in this case, the temperature depen- 
dence of k can also be evaluated from the scaling analysis 
of magnetization data, as it was demonstrated in exper- 
iments with low-T c superconductors . 19 ' 20 However, this 
is not the case for HTSC's, in which the normal-state 
paramagnetic contribution is always substantial and can 
hardly be evaluated independently. In other words, the 
main assumption about temperature independence of k 
in HTSC's has never been tested. 

This is why, we consider recent direct measurement of 
H C 2(T/T C ) in pulsed magnetic fields^ as a unique oppor- 
tunity for such a test. An important advantage of these 
works is that a new method of a radio frequency transmis- 
sion was developed. This technique allows for evaluation 
of H c2 with substantially better accuracy than previously 
used magnetoresistance measurements. 

It seems to be commonly accepted that both H C 2(0) 
and F in Eq. (2) depend on the orientation of the mag- 
netic field4£ We could not, however, find any experimen- 
tal confirmations of this in the literature. Furthermore, it 
seems that H { J (T) / H { J (0) and H { c f ] (T) / 'H { £ ] '(0) are 
practically identical, i.e., F'-function in Eq. (2) is in- 
deed isotropic as it was argued on the basis of the scaling 
analysis^ 
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FIG. 1: (Color online) Experimental H ( c f ] {T/T c ) and 
H$(T/T C ) data from Refs. 1 andH respectively. The solid 
line is the normalized H C %(T /T c ) curve obtained by scaling of 
equilibrium magnetization data and fitted to data points. 



In Fig. 1 we plot H { c f } (T/T c ) (left y-scale) and 

H£\T/T C ) (right y-scale) from Refs. i and S, re- 
spectively. The latter results were obtained by mag- 
netoresistance measurements carried out on epitaxial 
YBa2Cu307_ x film. The zero-field resistive transition 
was about 4 K wide with the zero resistance state below 
83.5 K. This provides considerable uncertainty in T c . For 
this plot T c was chosen by extrapolation of the H C 2(T) 
curve, presented in Fig. 4 of Ref. 0, to H c2 (T) = 0. 
This gives T c = 87.5 K, which is the very upper end of 
the resistive transition. As may be seen in Fig. 1, both 
data sets match each other quite well and the difference 
between them does not exceed uncertainty of the results. 

The normalized temperature dependence of H C 2, ob- 
tained by scaling of magnetization data in fields H <C 
H C 2r^ which is also shown in Fig. 1, perfectly fits ex- 
perimental data. This agreement with direct experimen- 
tal results strongly supports the main assumption about 
temperature independence of k. Indeed, even a rather 
weak temperature dependence of k, predicted by the con- 
ventional BCS theory,— changes the resulting h C 2(T/T c ) 
curve in a way that it cannot satisfactory describe exper- 
imental data (see Ref. HH for the corresponding curve). 

We also note that the temperature dependence of H C 2 
is quite different from predictions of the BCS theory (see 
Fig. 1)M This means that values of H c2 (0) for HTSC's, 
evaluated from high-temperature H C 2 data using the cor- 
responding formula of Ref. [23l . are strongly overesti- 
mated (see also Ref. d). 

There are two main conclusions: (i) The Ginzburg- 
Landau parameter n is temperature independent. This 
follows from good agreement between the normalized 
H C 2(T) curve, obtained by scaling of magnetization 
data, with direct measurements (see Fig. 1). (ii) 
H C 2(T) / H C 2(0) is isotropic. This statement was initially 
made on the basis of the analysis of magnetization data 
collected on polycrystalline samples^ Now it is also con- 
firmed by direct comparison of H C 2(T) curves for two 
different orientations of the magnetic field (Fig. 1). 

While both conclusions were made independently, ac- 
cording to the Ginzburg-Landau theory, the second one 
follows from the first. Indeed, H c2 (T) = ^/2nH c {T) 
where H c is the thermodynamic critical field, which can- 
not be anisotropic. Therefore, anisotropy of H C 2 may 
arise from the anisotropy of k only. If k does not depend 
on temperature, as it follows from the discussion above, 
H C 2(T)/H c2 (0) = H c (T)/H c (0), i.e., the function F in 
Eq. (2) is isotropic. 

Although direct measurements of H C 2(T) are only 
available for YBa2Cu30y- x samples, there cannot be 
much doubts that both conclusions are also valid for 
many other superconductors belonging exhibiting the 
same normalized H C 2(T/T C ) curvesi 12 ' 13 ' 14 ' 15 

In conclusion, it was demonstrated that temperature 
dependences of the normalized upper critical field, which 
were established by scaling of magnetization data col- 
lected in fields H <C H C 2, are in very good agreement 
with recent direct measurements of H C 2 (T) in megagauss 
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magnetic fields4£ This agreement shows that the tern- and performed in the group of J. Hulliger. 
perature dependence of the Ginzburg-Landau parameter 
in HTSC's is rather weak. Another result of the pre- 
sented analysis is that H C 2(T) / H C 2(0) is isotropic. 
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